Electrodynamic bearings exploit repulsive forces due to eddy currents to produce positive stiffness by passive means. Such a feature would make this type of bearing a viable alternative to active and permanent magnet bearings. Although electrodynamic bearings do not violate Earnshaw's theorem, the open issue remains the stabilization system that is needed to make the rotating body stable, due to the low rotational speeds. Stabilizing solutions proposed in the literature are partially effective and not totally convincing. This limits real industrial applications.
Introduction
Active magnetic bearings (AMBs) exploit reluctance forces to keep the levitation of rotors and at the same time control the lateral and axial dynamics of the rotating part. AMBs have already reached such a high technological readiness that they are considered the standard when referring to magnetic bearings for industrial applications. Several companies (SKF, INA-FAG, Mecos, Calnetix, Waukesha Bearings, GE Oil & Gas, Siemens, Rexroth) produce AMBs for centrifugal compressors and turbogenerators with an installed power ranging from 30 kW to 60 MW. The benefits are clear; taking as reference a 60 MW centrifugal compressor on lubricated bearings, the use of a five axis active magnetic suspension system halves the size and the weight of the plant, reducing the operating power by more than five times. This saves more than 30 cubic meters of lubricant and 600 tons of CO 2 emissions in one year of operation. The free maintenance, allowing an availability equal to 99.99% in a 10 year time frame, represents an additional important feature.
The open issues remain the applications at high temperature and the extreme critical dynamic behavior of the rotor when falling on the landing bearings. No more than 5-6 landing maneuvers are allowed without the failure of the landing bearings.
Permanent magnet bearings (PMBs) have reached a good level of technological readiness. Pfeiffer Vacuum and Edwards are two leading companies in the field of high vacuum generation. They produce turbomolecular pumps on PMBs mainly in combination with conventional ball bearings. This means that the rotating shaft is supported by a PMB at the low pressure side and a deep groove ball bearing at the opposite one. This bearing is also able to support axial forces, including the contribution coming from the negative stiffness of the PMB. Such a hybrid configuration is a good compromise in applications where constraints of cost and size drive the selection of the supports. The lack of any real time control and monitoring, together with the durability linked to the life of the rolling bearing, are the main drawbacks.
Recently, research on more energy efficient systems associated with developments on high-strength permanent magnetic materials led the scientific community to focus on alternative contactless suspension systems. This is achieved by combining the efforts of PMBs with actively controlled electromagnets. Systems applying this concept are classified as hybrid magnetic bearings. The limiting factor remains the negative stiffness induced by the passive supports that must be compensated by the active one. The consequent oversizing needed to generate this additional force risks vanishing most of the potential benefits, thus limiting possible industrial applications.
The exploitation of Lorentz forces leads to a second family of magnetic supports called electrodynamic bearings (EDBs). Although some layouts can be actively controlled, 1 in general they are passive. 2 The main characteristic of such bearings is the generation of positive stiffness by the interaction between a rotating conductor and a stationary magnetic field. No negative stiffness is generated in the orthogonal direction. This can be achieved using standard conductive materials at room temperature. 3 Sensors and power electronics are not needed. The effect of the rotating damping forces that arise due to the interaction of the magnetic field with the conductor remains an open issue, and an intrinsic unstable behavior derives from it. 4 Two main solutions based on passive systems have been proposed in the literature to make the support stable. 5, 6 Although effective, these solutions do not allow a fully levitating rotor at low speeds.
EDBs operating in tandem with AMBs could be a promising configuration to exploit the key features of both. In a rotor thought to be supported by AMBs, an EDB could help to downsize the AMB thanks to the positive stiffness supplied by the latter, at least above a certain speed. Additionally, in the case of AMB failure, the EDB could allow a smooth run down and a soft landing. The landing of the rotor on the landing bearings can then occur at a relatively low rotating speed, allowing drastic incrementation of the life of the landing bearing.
During normal operation the AMB subsystem could work as an active magnetic damper (AMD) or semiactive magnetic damper to supply the amount of damping that is required to keep the rotor stable at low speed. 7, 8, 9 Additionally, the AMB can generate the rotor levitation about zero speed, avoiding complex mechanical solutions to allow rotor take off.
The potential benefits for high speed rotors in several applications such as turbomolecular pumps, oil and gas compressors and flywheels for kinetic energy storage systems/peak shaving are considered promising. However, this new concept has never been explored. Consequently, there is a major gap in the literature concerning the understanding of rotating systems which employ EDBs coupled to AMB/AMDs.
The purpose of the present study is to improve the understanding and prove the feasibility of the EDB/ AMB/AMD combined solution. To this end the paper first describes a test rig implementing the proposed magnetic suspension scheme. Subsequently, we present the dynamic modeling of the test rig rotor supported by the combined EDB/AMB/AMD system. The models of each subsystem are described in detail and the complete suspension model is constructed by coupling the subsystems. Finally the model's results are validated by comparing them to experimental results obtained with the test rig.
EDB/AMB/AMD test rig
The present section describes the test rig devised to prove the feasibility and validate the models of the combined EDB/AMB/AMD suspension system. Figure 1 shows the constructed prototype and Figure 2 shows an isometric section view and a two-dimensional cut section view for better visualization of all subsystems.
The test bed has a symmetrical layout and is composed of five main parts: (a) the frame supporting the stator of the bearings and of the motor; (b) the sensors and the AMBs/AMDs; (c) the EDBs; (d) the rotor including the rotating parts of the bearings and of the motor; (e) the electronic unit for driving the motor and the electromagnets.
The elements of the support structure can be observed in Figures 1 and 2 . The frame is composed of four stainless steel columns (5) connected to three aluminum alloy plates (3) that ensure a stiff construction and allow adequate accessibility to the bearings and to the motor. The plates support the stator part of the AMB/AMD and of the motor. The eddy current displacement probes and the 8 pole electromagnetic actuators are hosted in two units (1) fitted to each end plate. The mid layer integrates a permanent magnet, axial flux and electric motor that drives the shaft. The motor has been custom designed with air wound coils and no back iron to minimize the negative stiffness induced by it. Additionally, the two sets of coils located on opposite sides of the rotor disc can be independently driven to realize an integrated motor-axial bearing system. The main characteristics are listed in Table 1 . The stator windings are visible in Figure 3 it is possible to note the rotor part of the motor (central disk) with the axial magnetized permanent magnets fitted in the rotor disk.
Each of the 8 pole electromagnetic actuators of the AMB/AMD system (Figure 4 (a)) can supply a nominal control force of 70 N to be used for rotor levitation purposes (AMB configuration) or to introduce non-rotating damping (AMD) according to the control strategy. Table 2 summarizes the main data.
The EDBs (4 in Figure 2 ) have a double flux homopolar configuration 10 to improve stiffness and minimize the power losses 11 
, shown by Figures 4(b) and 4(d).
Each EDB is composed of four ring-shaped permanent magnets magnetized axially and bound by epoxy resin to two back iron discs. The magnets are oriented in attraction so the flux lines close as shown in Figure  4 (d). The two back iron discs are kept apart by an aluminum spacer structure. The main geometrical and physical data are summarized in Table 3 .
Compared to conventional single flux homopolar EDB 6, 12 shown in Figure 5 (a), the double flux configuration employed here distinguishes itself because each flux line crosses the rotating conductor two times. This is beneficial in terms of net force, as confirmed by the results presented in Figures 5(c) and 5(d). These curves were obtained following the procedure described in Tonoli et al. at constant eccentricity of 1.5 mm. 6 It is clear that the proposed configuration is able to develop a force component in the direction of the eccentricity (useful for the generation of radial stiffness) that is roughly six time higher than the conventional one.
The rotor (Figure 3(b) ) is composed of a solid steel shaft with the rotating parts of the electric motor, EDB and AMB/AMD, fitted on it. The rotor geometric and inertia properties are listed in Table 4 . It is worth noting that when J t is about 3.5 times larger than J p , the rotor behaves as a long rotor.
Rotor modeling on combined AMB-EDB bearings
An accurate model that describes the dynamic behavior of the rotor system described in the previous section is presented. This model is crucial in studying the rotordynamic stability and determining the most suitable control strategy for the electromagnetic actuators according to the speed range. It is also a key element in the design of rotating systems on combined AMB/EDB supports. Figure 6 shows the scheme of the forces applied to the rotor in both XZ and YZ planes.
The model was developed taking into account the following assumptions.
1. An axisymmetric rigid rotor with 4 degrees of freedom (dof)'s is characterized by its inertia properties represented by the mass m r , polar moments of inertia J p and transversal moment of inertia J t . The rotating parts of the bearings (conductor disks of the EDBs) and the stack of laminations for the AMB/AMD are rigidly fitted to the shaft. The flexible body vibration modes of the rotating parts are out of the operating range. If this condition is not verified, applying a numerical approach would be requested to properly take into account the bending modes of the rotating system. The effect of the magnetic bearings can be considered lumped. The contribution of the distributed magnetic forces is of second order. 2. The electrical and electromechanical properties of both the EDB and AMB are isotropic. 3. The stator parts of the EDB as well as the AMB/ AMD are rigidly fixed to the frame of the machine, which is fixed to the ground during the experiments.
The system model derives from the integration of three main parts: rotor, AMB/AMD and EDB. The rotor is modeled as a standard 4 dof rotor. 13 The equations of motion are written in state space form with reference to the rotor center of gravity coordinates x, y, The results are obtained using the test methodology described in Tonoli et al. 6 Circle marks refer to the force perpendicular to the eccentricity. Cross marks refer to the force parallel to the eccentricity. Full lines refer to the analytical model. 
where x AMB , i c x AMB , y AMB and i c y AMB indicate respectively the displacements and the control current in the two directions x and y of the actuator action plane. The negative displacement stiffness and control current stiffness are, respectively, K u and K i . The numerical values of these two quantities were obtained by means of electromagnetic finite element simulations. They are reported in Table 5 .
The control strategy is based on a PID compensator, whose transfer function between position error and reference control currents in the AMB action plane is Figure 6 . Scheme of the bearing forces acting on the rigid rotor in the XZ and YZ planes. x si and y si indicate the displacement measured by the displacement sensor. where s is the Laplace variable, while all the other terms of the compensator are reported in Table 5 . The same equation can be written in the y direction but it is omitted for brevity. The modeling of the electrodynamic bearings installed in the test rig follows the approach presented in Detoni et al. 14 and is valid both for homopolar and heteropolar configurations. The forces developed by the EDB are the same as those produced by the purely mechanical analog shown in Figure 7 (c). 4 The eddy currents induced in the rotating conductor generate electromagnetic forces that can be represented by two orthogonal branches composed of the series connection of a linear spring and viscous damper in the rotating reference frame hj. The eddy currents produced by the double flux configuration of Figure 5(b) are the superimposition of those induced by each magnet ring. With the mechanical effect of each current being the same as the series of a spring and a damper, the double flux EDB can be represented as in Figure 7(d) , with the two parallel sets of spring and damper representing the effect of the eddy currents produced by the two magnets.
The corresponding dynamic equations of motion written in the state space format are 11 where the suffix EDB indicates that the forces and displacements are referred to the plane of action of the electrodynamic bearing. They are aligned according to the non-rotating reference frame x9y9 in Figure 7(d) .
The terms v RL1 =k 1 =c 1 and v RL2 =k 2 =c 2 indicate the poles of the two electrical circuits arising in the rotating conductor. The transformation matrix linking the generalized displacements of the rotor center of gravity to the radial displacement at the level of the radial sensors and the plane of action of the bearings is where a k and b k represent the distance from the center of mass to the plane of action of interest. With reference to Figure 6 , suffix k can be equal to s, AMB or EDB. Similarly, the generalized forces acting on the rotor center of gravity can be obtained by the transpose of the matrix in equation (6) . The block diagram that implements the dynamic equations of the rotor and the bearings is represented in Figure 8 . The arrows connecting the different blocks indicate the reference position imposed on the AMBs and the signals exchanged between the subsystem blocks.
Model validation and results
This section is dedicated to the validation of the model presented in the previous section. Additionally, the behavior of a rotor on combined AMB/EDB is presented. The validation is based on the measurement of the forces generated by the EDBs when the rotor spins in an off-centered position. This is obtained acting on the AMBs reference signal (see Figure 8 ). The EDBs forces are extrapolated by measuring the current flowing in the AMBs. The reference is given by the analytical and experimental results obtained by imposing a fixed eccentricity and measuring the forces along the direction of the eccentricity and perpendicular to it. The test procedure and the test rig are described in Tonoli et al. 6 The results obtained by such quasi-static tests are reported both in Figure 5 (d) (circle and cross marks) and Figure 9 (star and diamond marks). Such experimental results allow the identification of the stiffness and damping terms of the mechanical equivalent reported in Figure 7 (d) and described in Amati et al. 4 by a best fitting procedure. Table 6 reports the corresponding numerical data.
The full and dashdot lines in Figure 9 refer to the analytical model of equation (5) using the identified parameter reported in Table 6 . The eccentricity is equal to 0.1 mm. The star and diamond markers are obtained using the quasi-static test rig presented in Tonoli et al. 6 The good match of the analytical and experimental results confirms that if the EDB is constrained to spin in an off-centered position, the forces developed by the bearing are consistent with the model described by equation (5) .
As expected, the forces computed by the Simulink model (dashdot line with circle marks and dashed line with square marks) simulating the rotor constrained to spin in an off-centered position by the AMBs are close to the previous ones. The cross and asterisk marks refer to the experimental results obtained by measuring the current in the electromagnetic actuator. The corresponding forces are then estimated on the base of the electromagnetic actuator parameters. The scattering at low speeds reduces when O increases. This is ascribed to the high ratio between the measured currents and the noise, which is much higher at low speed. Additionally, the deviation present in all the speed range can be ascribed to an non-exact knowledge of the electromagnet inductance when the rotor is off-centered. These results confirm that the EDBs can develop forces in a real rotating system. Figure 10 reports the current in the electromagnets of the AMBs in a centered position (Figure 10(a) ) and with an eccentricity of 0.1 mm (Figure 10(b) ). It is evident how in case b the current sent to the electromagnets reduces when the spin speed increases, confirming the stiffening effect of the EDBs.
These results confirm the validity of the system model described in the previous section and highlight the potential of AMBs/AMDs used in combination with EDBs. The consolidation of adequate control strategies optimizing the combined use of AMBs/AMDs and EDBs remains an open issue and is under investigation.
Conclusions
The benefits of rotating systems equipped with combined AMBs/AMDs and EDBs are investigated in the present paper from both the modeling and experimental point of view. The experimental results obtained by a dedicated test rig supported by combined AMBs/ AMDs and EDBs confirm the following: the validity of the models presented in the literature when EDBs are acting on a real rotor; 4, 11, 14, 15 the role that EDBs can play in a rotor when assembled in combination with AMBs/AMDs; Figure 9 . Forces developed by a single EDB when the rotor is running with a static eccentricity of 0.1 mm. Asterisk and cross marks: experimental forces measured by the AMBs perpendicular and parallel to the eccentricity; dashdot lines with circle marks and diamond marks: forces obtained by the simulator perpendicular and parallel to the eccentricity; full and dashed lines: analytical model described in equation (5); star and diamond marks: experimental forces in the perpendicular and parallel eccentricity direction obtained with the quasi-static test rig described in Tonoli et al. 6 . the requirement of dedicated control strategies for the AMBs/AMDs to optimize the potentials of this type of support according to the operating conditions. The general conclusion is that the feasibility of EDB/ AMB/AMD combined solutions has been verified and has proved to be promising. Further analysis is now ongoing to maximize the performance and benefits of such a solution.
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